Abstract. Although slow spreading ridges characterized by a deep axial valley and fast spreading ridges characterized by an axial bathymetric high have been extensively studied, the transition between these two modes of axial morphology is not well understood. We conducted a geophysical survey of the intermediate spreading rate Southeast Indian Ridge between 88øE and 118øE, a 2300-km-long section of the ridge located between the Amsterdam hot spot and the AustralianAntarctic Discordance where satellite gravity data suggest that the Southeast Indian Ridge (SEIR) undergoes a change from an axial high in the west to an axial valley in the east. A basic change in axial morphology is found near 103ø30'E in the shipboard data; the axis to the west is marked by an axial high, while a valley is found to the east. Although a well-developed axial high, characteristic of the East Pacific Rise (EPR), is occasionally present, the more common observation is a rifted high that is lower and pervasively faulted, sometimes with significant (> 50 m throw) faults within a kilometer of the axis. A shallow axial valley (< 700 m deep) is observed from 104øE to 114øE with a sudden change to a deep (>1200 m deep) valley across a transform at 114øE. The changes in axial morphology along the SEIR are accompanied by a 500 m increase in near-axis ridge flank depth from 2800 m near 88øE to 3300 m near 114øE and by a 50 mGal increase in the regional level of mantle Bouguer gravity anomalies over the same distance. The regional changes in depth and mantle Bouguer anomaly (MBA) gravity can be both explained by a 1.7-2.4 km change in crustal thickness or by a mantle temperature change of 50øC-90øC. In reality, melt supply (crustal thickness) and mantle temperature are linked, so that changes in both may occur simultaneously and these estimates serve as upper bounds. The along-axis MBA gradient is not uniform. Pronounced steps in the regional level of the MBA gravity occur at 103ø30'E-104øE and at 114øE -116øE and correspond to the changes in the nature of the axial morphology and in the amplitude of abyssal hill morphology suggesting that the different forms of morphology do not grade into each other but rather represent distinctly different forms of axial structure and tectonics with a sharp transition between them. The change from an axial high to an axial valley requires a threshold effect in which the strength of the lithosphere changes quickly. The presence or absence of a quasi-steady state magma chamber may provide such a mechanism. The different forms of axial morphology are also associated with different intrasegment MBA gravity patterns. Segments with an axial high have an MBA low located at a depth minimum near the center of the segment. At EPR-like segments, the MBA low is about 10 mGal with along-axis gradients of 0.15-0.25 mGal/km, similar to those observed at the EPR. Rifted highs have a shallower low and lower gradients suggesting an attenuated composite magma chamber and a reduced and perhaps episodic melt supply. Segments with a shallow axial valley have very flat along-axis MBA profiles with little correspondence between axial depth and axial MBA gravity.
Introduction
The morphology of fast spreading and slow spreading midocean ridges differs dramatically. Fast spreading ridges, such as the East Pacific Rise spreading at 65-150 mrn/yr, are characterized by an approximately 20-km-wide, 200-to 400-m-high ridge axis high and relatively low relief (50-150 m) abyssal hills on the ridge flanks [Menard, 1960; Macdonald, 1989] an important observation in constraining models for the creation of axial morphology [e.g., Chen 
Field Program
During the Austral summer of 1994/1995, a geophysical survey of the intermediate spreading rate Southeast Indian Ridge (SEIR) from 88øE to 118øE was carried out on two legs of the "Westward" expedition on R/V Melville (Figure 1 ). The objectives of the field program were (1) to investigate changes in axial morphology accompanying the west to east increase in ridge axis depth, including in particular the transition from axial high to axial valley observed near 101øE [Small and Sandwell, 1992; Ma and Cochran, 1996] , (2)to investigate possible changes in melt supply and distribution within segments (as evidenced by gravity anomalies) accompanying the change in axial morphology and (3) to determine geochemical variations along the ridge which were hypothesized to accompany the transition in morphology.
The first leg of the field program conducted a geophysical survey of the ridge axis and flanks between 91øE and 118øE. The second leg was primarily devoted to rock sampling but also obtained additional geophysical coverage between 88øE 
Gravity Data Collection and Reduction
Gravity data were collected throughout the survey of the SEIR using a Bell Aerospace BGM-3 gravimeter [Bell and Watts, 1986] . The meter output (counts) are acquired at 1-s intervals, converted to acceleration and smoothed with a 180-s Gaussian filter to remove ship motions. These total field measurements are then sampled at 1-min intervals, merged with the Global Positioning System (GPS) navigation to determine the EOtvOs correction and the free-air anomalies calculated by removal of the predicted gravity at the measurement latitude using the 1967 International Gravity Formula. Since most applications of shipboard gravity data use spatial rather than temporal dimensions, we used an Akima spline to resample the data at 0.2-nautical mile (370 m) intervals.
The gravity data resulting from this standard processing are characterized by 2-5 mGal variations with wavelengths of a few kilometers (Figure 6a ). This short-wavelength noise, which can not be due to sources at or below the seafloor, is characteristic of marine gravity data collected with BGM-3 gravimeters. The spectrum of our resampled data is linear at wavenumbers of less than 0.1 km -1 (wavelengths > 10 km) (Figure 6b) , as is typical of marine gravity spectra. At higher wavenumbers (shorter wavelengths), the spectrum is much flatter, representing a noise floor. We attempted to remove the short-wavelength noise by designing a digital low pass filter to retain all wavelengths greater than 10 km at full power and roll off to full stop by 5 km (C. Small, manuscript in preperation). The spectrum of the filtered data is shown in Figure 6b , and the filtered and unfiltered data can be compared in Figure  6a . Application of the filter resulted in a significant improvement of crossover errors with the mean crossover error reduced from 2.0 mGal to 1.1 mGal. [Royer and Sandwell, 1989 ]. Present-day spreading rates increase rapidly from 57.5 mm/yr at the Indian Ocean Triple Junction to 68 mm/yr at Amsterdam and St. Paul Islands and then more slowly to a maximum of 76 mm/yr near 50øS, 114øE, before decreasing gradually to 72 mrn/yr at the George V fracture zone near change in axial morphology near 101øE from an axial high toward the west to an axial valley toward the east is of particular interest because it occurs well away from anomalous features such as hot spots or the AAD in an area where the spreading rate is nearly constant.
There is, however, a significant depth gradient across the region (Figure 7 ) with axial depths increasing from about 2300 m near 88øE to nearly 4500 m east of 114øE near the AAD [Ma and Cochran, 1996] . Ridge flank depths increase by about 500 m from 2800 m to 3300 m over the same region. . Forsyth et al. [1987] determined that the shear wave velocity beneath the AAD is considerably faster than for similar age mantle in other parts of the SEIR and the Pacific, which can be interpreted to result from colder than 50øS, 139øE [DeMets et al., 1990] . Spreading rates in the sur-normal mantle in that region. Major element chemistry imvey area are nearly constant at 72-76 mm/yr, within the range-plies shallower and smaller extents of melting beneath the of 70-80 mm/yr where the transition from an axial high to an axial valley is observed to occur [Small and Sandwell, 1989; Macdonald, 1986; Malinverno, 1993] .
Satellite altimetry data [Small and Sandwell, 1994 ] and the sparse pre-1995 shipboard data from the SEIR [Cochran, 1991; Ma and Cochran, 1996] show that transitions from axial lows to axial highs occur at a number of places on the SEIR, specifically near 82øE, near 101øE, and near 127øE at the eastern boundary of the Australian-Antarctic Discordance (AAD). The AAD than in adjacent areas, also suggesting the presence of colder mantle beneath the AAD [Klein et al., 1991; Pyle, 1994] . This is further supported by interpretation of gravity data [West et al., 1994] and by recent seismic refraction results from the AAD which show thin crust (4.2 km), indicating a low melt supply consistent with a colder than average mantle [Tolstoy et al., 1995] . The SEIR between 88øE and 120øE thus presents the opportunity to conduct a "controlled experiment" in which the effects on the crustal accretion processes of vary- 
Morphology of the Southeast Indian Ridge Axis
An along-axis profile of axial depth on the SEIR from 89.5øE to 115.5øE is shown in Figure 7 . The profile was constructed by digitizing the location of the ridge axis at 1 arc min (-1.2 km at this latitude) intervals of longitude on detailed Seabeam maps and extracting the depth at those locations from the gridded bathymetry. The along-axis depth profile in Figure 7 confirms the general increase in axial depth from west to east determined from older widely spaced tracks [Ma and Cochran, 1996] . These data also confirm the observation made by Ma and Cochran [1996] There is also a segment scale (-100 km) axial depth variation superimposed on the longer-wavelength pattern. The ridge axis is generally shallowest toward the center of segments with axial depths increasing toward segment bounding offsets. This type of segment scale depth variation is also observed at both fast and slow spreading ridges and appears to be in large part related to segment scale upwelling and melt distribution [Macdonald et al., 1988 [Macdonald et al., , 1991 Shaliow rift valleys and rifted highs thus appear to form a distinctive and characteristic intermediate rate axial morphology which is prevalent on the SEIR. These morphologies differ from the well-studied, end-member morphologies not only in the amplitude of the axial relief but also in the nature of the neovolcanic zone. Faulting is evident throughout the axial region in areas with these morphologies, and in many areas a traditional morphologically defined neovolcanic zone is not evident. In fact, the axis can not always be accurately defined on the basis of morphology alone.
Gravity Anomalies at the Southeast Indian Ridge Axis
Free-air and mantle Bouguer gravity anomaly maps of the four detailed study boxes, contoured at 5 mGal intervals are shown in Figures 16-19 . The free-air anomaly maps were constructed by gridcling the filtered shipboard gravity data on a 1.5 arc minx 1 arc min (-1.8 km x 1.8 km) grid and fitting a smooth surface using a continuous curvature spline in tension [Smith and Wessel, 1990; Wessel and Smith, 1995] . For calculation of mantle Bouguer anomalies the gravity effect of the topographic and the assumed Moho relief were determined from gridded bathymetric data using the technique of Parker [1973] , retaining four terms in the series expansion. A constant crustal thickness of 6 km was assumed with density contrasts of 1700 and 600 kg/m 3 assumed across the water/crust and crust/mantle interfaces respectively. A 0.5 arc minx 0.5 arc min (-600 m x 900 m) topographic grid was used in the calculations. The grids of the gravity effects of the topographic and assumed Moho relief were sampled at the locations of the shipboard measurements and the values obtained at those locations subtracted from the coincident shipboard free-air gravity anomalies. The resulting MBA anomalies were then gridded and contoured in a manner identical to that used for the free-air gravity.
Free-Air and Mantle Bouguer Anomalies
Free-air anomalies on the ridge flanks away from large topographic features are generally in the range of-5 to 10 mGal and only exceed +30 mGal over the largest topographic 
Gravity Anomalies Over Propagating Rifts
A distinctive pattern of free-air anomalies is found at the propagating rifts at 111øE and 112ø45'E (Figures 18 and 19) . Prominent-25 to -35 mGal free-air anomaly lows are located over both the propagating and retreating rift tips and over a series of abandoned rift tips along the inner pseudofaults. Large-amplitude (25 to 30 mGal) positive anomalies are found associated with blocky topographic highs located between the propagating and retreating rift tips and with similar features which appear to be their fossil equivalents along the inner pseudofault. The outer pseudofaults appear as linear bands of positive and negative free-air anomalies with a relief of-30 mGal (Figures 18 and 19) . This is particularly clear for the 111 øE propagating rift which is well exposed on the southern ridge flank in our survey (Figures 4 and 18) . The crust created at retreating rifts appears to be uplifted by 200-400 m along the outer pseudofaults, which are marked by scarps facing toward the crust created at the propagating rift. A shallow trough extends along the base of the scarp. The free-air anomalies at the outer pseudofaults are largely removed by the topographic correction. The outer pseudofaults at the 112ø45'E and 114øE rifts are not apparent in the MBA map (Figure 19 ). There is a 10 mGal MBA high over part of the 111 øE outer pseudofault (Figure 18 ), but it is at the very edge of the survey and may represent an artifact. The inner pseudofaults appear in the MBA maps as linear-10 mGal positive anomalies.
features. The largest positive free-air anomaly measured in the survey area (78 mGal) is found over a fracture zone ridge near 96øE (Figure 9 ) which reaches to within 700 m of the surface and appears to be slightly oblique to the spreading direction, so that it is under compression [Sempere et al., this issue]. Free-air gravity anomalies of 55-65 mGal were also measured over three large seamounts at the very western end of the survey area at 41ø53'S, 88ø09'E; 41ø45'S, 89ø16'E; and 43ø23'S, 91ø17'E (Figures 2 and 16) . The largest measured negative anomaly (-61 mGal) is at 49ø55'S, 106ø35'E over the deep (4800 m) pull-apart basin within the 106.5øE transform (Figures 4 and 18) . Free-air anomalies of-50 to -60 mGal were also measured in three deep basins within the complex 116øE transform (Figures 5 and19) .
Gravity Anomalies Over the SEIR Axis
The ridge axis at segments with an axial high, whether EPRlike, rifted, or anomalous (segment R), is marked by a 10-15 mGal free-air anomaly high. The axial gravity high is best developed where the ridge crest bathymetric high is well developed and appears magmatically vigorous (i.e., less faulted), usually near the center of segments (Figures 10, 16 and 17) . Figures 10b and 10c) are the characteristic axial morphology from 82øE to 103øE.
The two rifted high segments (M3 and P2) included in our detailed survey boxes also have MBA lows over the center of the segment, but these are not as pronounced as at the more vigorous segments (Figures 16 and 17) . The half-segment gradients for these two segments are 0.10-0.14 mGal/km which is at the low end of the range generally observed at segments with axial highs [Wang and Cochran, 1995] .
Thus vigorous EPR-like segments are marked by along-axis
MBA gradients similar to those observed at the EPR. The rifted high segments have lower gradients away from major ridge offsets, although they are still characterized by small MBA lows centered over vigorous, apparently volcanically active portions of segments.
Most of the region between 104øE and 114øE is characterized by a shallow axial valley (Figures 4, 5 and 11-13) , including all of 165-km-long segment S1 (--108ø40'E to 110ø45'E) (Figure 4) . The axial valley has a relief of about 1000 m at both ends of the segment near the 108ø40'E nontransform offset and the 110ø45'E propagating rift. However, the axial valley shoals rapidly away from both of these features and has a depth of < 600 m from about 109øE to 110ø25'E (Figures 4 and  13) . The axis is marked by a free-air anomaly minimum with an amplitude proportional to the depth of the valley (Figures  13 and 18 Figures 13a and 13c) . However, the axis shallows rapidly away from its extremities, and the axial valley is less than 600 m deep over the middle of the segment. Near the segment center the axial valley is so shallow as to be almost unidentifiable (Figure 13b ).
ously from -3050 m to -3200 m from west to east across the segment (Figure 7 ) . This implies either that the strong focusing of melt supply in the center of the segment has occurred extremely recently or that it does not result in a variation in crustal thickness which is preserved onto the ridge flank. Both the axial depth and gravity are highly asymmetric in segment P3. The shallowest portion of the ridge axis is at about 103øE, only about 10 km from the 102ø45'E transform and the depths decrease by less than 100 m from there to the transform (Figure 17) . The ridge axis in this area forms a nearly flat plateau. The MBA gravity minimum is located at a small (< 1 km) ridge offset near 103ø10'E, about 25 km from the transform (Figures 3 and 17) . The change in gravity along the axis from 103ø10'E to the 102ø45'E transform is 7. Figures 5 and 14) , accounting for the remainder of the 2100 m change in axial depth. The long-wavelength variation in ridge flank depth records the change in mantle temperature and melt supply (crustal thickness), while the variation in the form and amplitude of the axial relief reflects the response of the ridge axis dynamics to these changes in temperature and melt supply.
Gravity Anomalies and Changes in Crustal Thickness and/or Mantle Temperature
The regional variation in both ridge depth and MBA gravity along the SEIR results from a combination of crustal thickness variations and changes in mantle temperature. If the 500-m depth variation is assumed to result only from a change in crustal thickness, simple isostatic considerations put the change in crustal thickness at 1.8-2.4 km depending on the assumed crustal density (in the range of 2700-2900 kg/m3). If a 2-km decrease in crustal thickness is assumed, it would result in a 50-mGal increase in MBA gravity. This is approximately the change in the level of the MBA gravity along the SEIR from 88øE to 115øE (Figure 7) .
The depth change can also be assumed to result from a change in mantle density arising from a west-to east temperature gradient in the mantle with no change in crustal thickness. The magnitude of the density change necessary to create the 500 m difference in ridge depth depends on the depth to which it is assumed to extend. If a compensation depth of 125 km is assumed [Parsons and Sclater, 1977] These simple calculations varied only crustal thickness or mantle temperature. They thus provide upper bounds on the regional variation in crustal thickness and temperature since, in reality, changes in mantle temperature and crustal thickness (melt supply) are linked and both occur simultaneously across the region. The fact that the long-wavelength variation in MBA gravity is the same for the two end-member calculations means that the gravity data alone cannot distinguish the relative contributions of variations in crustal thickness and mantle temperature. The reason why these different mechanisms predict virtually the same change in MBA gravity is that the same anomalous mass is needed in each case to isostatically support the 500-m depth difference. The assumed variation in crustal and/or mantle structure is very long wavelength and therefore the gravity effect approaches that of an infinite "Bouguer slab" where the gravity effect depends on the anomalous mass but not on distance from the source. -35OO   89  90  91  92   , ,  I  ,  ,  ,  ,  ,  I  ,  ,  ,  , ,  I , , , 
Gravity Anomalies and Transitions in Axial Morphology
It is reasonable to assume that the lateral variation in asthenospheric temperature is continuous and smooth. However, the variation in the MBA gravity is not smooth and continuous (Figure 7) . Segment scale MBA anomalies are related to the upwelling and melt distribution pattern within individual segments [Macdonald, 1989; Wang and Cochran, 1993; Tolstoy et al., 1993] . There are also a number of distinct steps in the regional level of the MBA gravity. Although there is a section of the ridge between 92øE and 100øE with insufficient crossings of the axis to confidently determine axial gravity values except at a few locations (Figure 7) , the axial MBA values show a fairly uniform regional slope from 89øE to 103.5øE, increasing from -60 mGal to -40 mGal (Figure 7) . A 10-mGal step in the gravity occurs from 103.5øE to 104øE within segment P3 (Figures 7 and 17) . From 104øE to 114øE, there is again a steady, more gradual slope to the east (albeit with a large intrasegment negative anomaly within segment R). The regional level increases to the east from -30 mGal at 104øE to-20 mGal at 114øE. Another steep regional MBA gradient occurs across and to the east of the 114øE transform.
MBA gravity increases from -20 mGal to +5 mGal across segment T (Figures 7 and 19) . The two areas of steep MBA gradients at 103ø30'E and 114øE correspond to basic changes in the form of the axial morphology. The MBA gradient at 103ø30'E corresponds to the transition from an axial high to a shallow axial valley and the gradient at 114øE corresponds to the transition from a shal- Figures 3, 4 and 11) . The change in the thermal structure needs to be fairly substantial, however, to account for the observed step in the MBA gravity. If the 10-mGal step in MBA gravity (Figures 7 and 17) is due to an increase in density of a region 5 km thick, then the average Figures 10a and 10c ). Segment P3 from 102ø53'E to 104ø18'E marks the basic transition from an axial high to the west to an axial valley to the east. Segment P4 east of 104ø20'E has a shallow axial valley. temperature in that region would have to decrease by -400øK. Note that this large change in shallow temperature structure must result from a very small change in asthenospheric temperature and melt supply. The transition from "EPR-type" axial high to rifted high appears to be gradational based on their similar ridge flank roughness (Figure 20) , gradation in intrasegment form of axial MBA gravity (Figures 16 and 17) and the observation that the EPR-type segments become rifted at segment ends. if a quasi-steady state magma chamber is present at rifted highs, but is deeper and/or attenuated compared to EPR-type highs then the rigid lid will be thicker and stronger reducing the upward flexure of the high and allowing faulting to begin near the axis.
Our observations also suggest that a second sudden transition occurs from a shallow rift valley to a deep rift valley near (Figure 19 ). However, this segment is located in a region with a very steep regional MBA gradient (Figures 7 and 19) and probably marks the effective western boundary of the AAD. The depth and gravity pattern at the segment may be perturbed by a rapid change in asthenospheric temperature across the boundary of the AAD. We have insufficient data to determine whether segments farther to the east within the AAD have a gravity pattern more characteristic of the MAR.
